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Abstract
Within the quasi-two-body decay model, we study the localized CP violation and branching fraction of the
four-body decay B¯0 → [K−π+]S/V [π+π−]V/S → K−π+π−π+ when K−π+ and π−π+ pair invariant masses are
0.35 < mK−pi+ < 2.04GeV and 0 < mpi−pi+ < 1.06GeV, with the pairs being dominated by the K¯
∗
0 (700)
0, K¯∗(892)0,
K¯∗(1410)0, K¯∗0 (1430) and K¯
∗(1680)0, and f0(500), ρ
0(770) , ω(782) and f0(980) resonances, respectively. When
dealing with the dynamical functions of these resonances, f0(500), ρ
0(770), f0(980) and K¯
∗
0 (1430) are modeled with
the Bugg model, Gounaris-Sakurai function, Flatte´ formalism and LASS lineshape, respectively, while others are
described by the relativistic Breit-Wigner function. Adopting the end point divergence parameters ρA ∈ [0, 0.5]
and φA ∈ [0, 2π], our predicted results are ACP (B¯0 → K−π+π+π−) ∈ [−0.383, 0.421] and B(B¯0 → K−π+π+π−) ∈
[7.36, 199.69]×10−8 based on the hypothetical qq¯ structures for the scalar mesons in the QCD factorization approach.
Meanwhile, we calculate the CP violating asymmetries and branching fractions of the two-body decays B¯0 →
SV (V S) and all the individual four-body decays B¯0 → SV (V S) → K−π+π−π+, respectively. Our theoretical
results for the two-body decays B¯0 → K¯∗(892)0f0(980), B¯0 → K¯∗0 (1430)0ω(782), B¯0 → K¯∗(892)0f0(980), B¯0 →
K¯∗0 (1430)
0ρ, and B¯0 → K¯∗0 (1430)0ω are consistent with the available experimental data, with the remaining
predictions awaiting future examinations with the high precision. If they are confirmed by experiments in the
future, the viewpoint that the scalar mesons have the qq¯ composition should be well supported. These studies also
provide a new way to investigate the four-body decays of B mesons.
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I. INTRODUCTION
Differences in the behaviour of matter and antimatter (CP violation) have been observed in several
processes and, in particular, in charmless B decays. The current understanding of the composition of
matter in the Universe indicates that other mechanisms, beyond that proposed within the Standard Model
(SM) of particle physics, could exist in order to account for the observed imbalance between the matter
and antimatter. The study of CP violating processes may therefore be used to test the corresponding
SM predictions and place constraints on extensions of this framework. CP violation is related to the
weak complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which describes the mixing
of different generations of quarks [1, 2]. Besides the weak phase, a large strong phase is also needed
for direct CP violation in decay processes. Usually, this large phase is provided by the short-distance or
long-distance QCD interactions. The short-distance interactions are caused by QCD loop corrections, and
the long-distance interaction which is more sensitive to the structure of the final states can be obtained
through some phenomenological mechanisms.
Recently, more attentions have been focused on the studies of two- or three-body heavy meson decays
both theoretically and experimentally [3–13], while for four-body nonleptonic decays of these heavy mesons
there are limited studies [14–16]. Because of the complicated phase spaces and relatively smaller branching
fractions, four-body decays of heavy mesons are hard to be investigated. However, through studying
the possible intermediate resonances, four-body decays of heavy mesons can provide rich information,
especially for the unclear compositions of scalar mesons. It is known that the identification of scalar
mesons is difficult experimentally and the underlying structures of scalar mesons are not well established
[17]. The investigation of their structures can improve our understanding about QCD and the quark
confinement mechanism. The first charmless B decay into a scalar meson that has been observed is
B → f0(980)K. It was first measured by Belle in the charged B decays to K±π+π± and a large branching
fraction for the f0(980)K
± final states was found [18] (updated in [19]), which was subsequently confirmed
by BABAR [20]. Studies of the mass spectra of scalar mesons as well as their strong and electromagnetic
decays suggest that there exist two typical scenarios for their structures [21, 22]. In Scenario 1 (S1),
the light scalar mesons with their masses below or near 1 GeV are treated as the lowest-lying qq¯ states
forming an SU(3) flavor nonet, including f0(500), f0(980), K¯
∗
0 (700)
0 and a0(980), and those with masses
near 1.5 GeV are suggested as the first corresponding excited states forming another SU(3) flavor nonet,
such as a0(1450), K
∗
0 (1430), f0(1370) and f0(1500) [23, 24]. In Scenario 2 (S2), the heavier nonet mesons
are regarded as the ground states of qq¯, while those lighter nonet ones are not regular mesons and might
be four-quark states.
Actually, four-body meson decays are generally dominated by intermediate resonances, which means
that they proceed through quasi-two-body or quasi-three-body decays. In our work, we will adopt the
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quasi-two-body decay mechanism to study the four-body decay B¯0 → K−π+π−π+, i.e. B¯0 → κ¯ρ →
K−π+π−π+, B¯0 → κ¯ω → K−π+π−π+, B¯0 → K¯∗(892)0σ → K−π+π−π+, B¯0 → K¯∗(892)0f0(980) →
K−π+π−π+, B¯0 → B¯0 → K¯∗(1410)0σ → K−π+π−π+, B¯0 → K¯∗(1410)0f0(980) → K−π+π−π+, B¯0 →
K¯∗0 (1430)
0ρ → K−π+π−π+, B¯0 → K¯∗0 (1430)0ω → K−π+π−π+, B¯0 → K¯∗(1680)0σ → K−π+π−π+ and
B¯0 → K¯∗(1680)0f0(980) → K−π+π−π+, where the scalar mesons will be treated in S1 as mentioned
above. We can then calculate the localized CP violating asymmetries and branching fractions of the
four-body decay B¯0 → K−π+π−π+. Besides we can also calculate the CP asymmetries and branching
fractions of the two-body decays B¯0 → SV (V S) and all the individual four-body decays B¯0 → SV (V S)→
K−π+π−π+, respectively. In fact, with the great development of the large hadron collider beauty (LHCb)
and Belle-II experiments, more and more decay modes involving one or two scalar states in the B and D
meson decays are expected to be measured with the high precision in the future.
Theoretically, to calculate the hadronic matrix elements of B weak decays, some approaches, such as
the QCD factorization (QCDF) [6, 25], the perturbative QCD (pQCD) [26] and the soft-collinear effective
theory (SCET) [27], have been fully developed and extensively employed in recent years. Unfortunately,
in the collinear factorization approximation, the calculation of annihilation corrections always suffers
from the end-point divergence. In the QCDF approach, such divergence is usually parameterized in a
model-independent manner [6, 25] and will be explicitly expressed in Sect. II.
The remainder of this paper is organized as follows. In Sect. II, we present our theoretical framework.
The numerical results are given in Sect. III and we summarize our work in Sect IV. Appendix A
collects the explicit formulas for all four-body decay amplitudes. Appendix B recapitulates explicit
expressions of hard spectator-scattering and weak annihilation amplitudes. The dynamical functions for
the corresponding resonances are summarized in Appendix C. We also consider the f0(500) − f0(980)
mixing in Appendix D. Related theoretical parameters are listed in Appendix E.
II. THEORETICAL FRAMEWORK
A. B decay in QCD factorization
The effective weak Hamiltonian for nonleptonic B weak decays is [6]
Heff = GF√
2
[ ∑
p=u,c
∑
D=d,s
λ(D)p (c1O
p
1 + c2O
p
2 +
10∑
i=3
ciOi + c7γO7γ + c8gO8g)
]
+ h.c., (1)
where GF represents the Fermi constant, λ
(D)
p = VpbV
∗
pD, Vpb and VpD are the CKM matrix elements, ci
(i = 1 − 10, 7γ, 8g) are Wilson coefficients, Op1,2 are the tree level operators, O3−6 are the QCD penguin
operators, O7−8 arise from electroweak penguin diagrams, and O7γ andO8g are the electromagnetic and
chromomagnetic dipole operators, respectively.
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With the effective Hamiltonian in Eq. (1), the QCDF method has been fully developed and exten-
sively employed to deal with the hadronic two-body B decays. The spectator scattering and annihilation
amplitudes are expressed with the convolution of scattering amplitudes and the light-cone wave functions
of the participating mesons [6]. The explicit expressions for the basic building blocks of the spectator
scattering and annihilation amplitudes have been given in Ref. [6], which are also listed in Appendix B
for convenience. The annihilation contributions Ai,fn (n = 1, 2, 3) can be simplified to [28]:
Ai1(V S) ≈ 6παs
{
3µS
[
B1(3XA + 4− π2) +B3(10XA + 23
18
− 10
3
π2)
]
− rSχrVχXA(XA − 2)
}
,
Ai2(V S) ≈ 6παs
{
3µS
[
B1(XA + 29− 3π2) +B3(XA + 2956
9
− 100
3
π2)
]
− rSχrVχXA(XA − 2)
}
,
Ai3(V S) ≈ 6παs
{
− rVχ µS
[
9B1(X
2
A − 4XA − 4 + π2) + 10B3(3X2A − 19XA +
61
6
+ 3π2)
]
− rSχ(X2A − 2XA +
π2
3
)
}
,
Af3 (V S) ≈ 6παs
{
− 3rVχ µS(XA − 2)
[
B1(6XA − 11) +B3(20XA − 187
3
)
]
+ rSχXA(2XA − 1)
}
,
Af1 (V S) = A
f
2(V S) = 0,
(2)
for M1M2 = V S, and
Ai1(SV ) = −Ai2(SV ), Ai2(SV ) = −Ai1(SV ), Ai3(SV ) = Ai3(V S), Af3 (SV ) = −Af3(V S), (3)
for M1M2 = SV , where the superscripts i and f refer to gluon emission from the initial and final state
quarks, respectively. The model-dependent parameter XA is used to estimate the end-point contributions,
and expressed as
XA = (1 + ρAe
iφA) ln
mB
Λh
, (4)
with Λh being a typical scale of order 500 MeV, ρA an unknown real parameter and φA the free strong
phase in the range [0, 2π]. For the spectator scattering contributions, the calculation of twist-3 distribution
amplitudes also suffers from the end point divergence, which is usually dealt with in the same manner as
in Eq. (4) and labeled by XH . In our work, when dealing with the end-point divergences from the hard
spectator scattering and weak annihilation contributions, we will follow the assumption XH = XA for the
B two-body decays [21].
B. Four-body decay amplitudes
For the four-body decay B¯0 → K−π+π−π+, we consider the two-body cascade decays mode B¯0 →
[K−π+]S/V [π−π+]V/S → K−π+π−π+. Within the QCDF framework in Ref. [6], we can deduce the
two-body weak decay amplitudes of B¯0 → [K−π+]S/V [π−π+]V/S , which are
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M(B¯0 → K¯∗00i ρ) = iGF
∑
p=u,c
λ(s)p
{[
δpuα2(K¯
∗0
0i ρ) +
3
2
αp3,EW (K¯
∗0
0i ρ)
]
fρmρε
∗
ρ · pBF B¯
0K¯∗0
0i
1 (m
2
ρ)
+
[
αp4(ρK¯
∗0
0i )−
1
2
αp4,EW (ρK¯
∗0
0i )
]
f¯K¯∗0
0i
mρε
∗
ρ · pBAB¯
0ρ
0 (m
2
K¯∗0
0i
)
+
[
1
2
bp3(ρK¯
∗0
0i )−
1
4
bp3,EW (ρK¯
∗0
0i )
]
fB¯0fρf¯K¯∗0
0i
}
,
(5)
M(B¯0 → K¯∗00i ω) = iGF
∑
p=u,c
λ(s)p
{[
δpuα2(K¯
∗0
0i ω) + 2α
p
3(K¯
∗0
0i ω) +
1
2
αp3,EW (K¯
∗0
0i ω)
]
fωmωε
∗
ω · pBF B¯
0K¯∗0
0i
1 (m
2
ω)
+
[
1
2
αp4,EW (ωK¯
∗0
0i )− αp4(ωK¯∗00i )
]
f¯K¯∗0
0i
mωε
∗
ω · pBAB¯
0ω
0 (m
2
K¯∗0
0i
)
+
[
1
4
bp3,EW (ωK¯
∗0
0i )−
1
2
bp3(ωK¯
∗0
0i )
]
fB¯0fρf¯K¯∗0
0i
}
,
(6)
with K¯∗00i = K¯
∗
0 (700)
0, K¯∗0 (1430)
0 corresponding to i = 1, 2, respectively, and
M(B¯0 → K¯∗0i f0j) = −iGF
∑
p=u,c
λ(s)p
{[
δpuα2(K¯
∗0
i f0j) + 2α
p
3(K¯
∗0
i f0j) +
1
2
αp3,EW (K¯
∗0
i f0j)
]
× f¯fn
0j
mK¯∗0i
ε∗¯K∗0i · pBA
B¯0K¯∗0i
0 (m
2
f0j ) +
[√
2αp3(K¯
∗0
i f0j) +
√
2αp4(K¯
∗0
i f0j)
− 1√
2
αp3,EW (K¯
∗0
i f0j)−
1√
2
αp4,EW (K¯
∗0
i f0j)
]
f¯fs
0j
mK¯∗0i
ε∗¯K∗0i · pBA
B¯0K¯∗0i
0 (m
2
f0j )
+
[
1
2
αp4,EW (f0jK¯
∗0
i )− αp4(f0jK¯∗0i )
]
fK¯∗0i mK¯∗0i ε
∗¯
K∗0i
· pBF B¯
0f0j
1 (m
2
K¯∗0i
) +
[
1√
2
bp3(K¯
∗0
i f0j)
− 1
2
√
2
bp3,EW (K¯
∗0
i f0j)
]
fB¯0fK¯∗0i
f¯ sf0j +
[
1
2
bp3(f0jK¯
∗0
i )−
1
4
bp3,EW (f0jK¯
∗0
i )
]
fB¯0fK¯∗0i
f¯nf0j
}
,
(7)
with K¯∗0i = K¯
∗(892)0, K¯∗(1410)0, K¯∗(1680)0 corresponding to i = 1, 2, 3, respectively, f0j = f0(500),
f0(980) when j = 1, 2, respectively. In Eqs. (5)-(7), F
B¯0→S
1 (m
2
V ) and A
B¯0→V
0 (m
2
S) are the form factors
for B¯0 to scalar and vector meson transitions, respectively, fV , f¯S, and fB¯0 are decay constants of vector,
scalar, and B¯0 mesons, respectively, f¯ sf0j and f¯
n
f0j
are decay constants of f0j mesons coming from the up
and strange quark components, respectively.
For the vector and scalar mesons strong decays included in our work are expressed as
〈M1M2|Hs|V 〉 = gVM1M2(pM1 − pM2) · ǫV , (8)
and
〈M1M2|Hs|S〉 = gSM1M2 , (9)
respectively, where gVM1M2 and gSM1M2 are the strong coupling constants of the corresponding vector
and scalar mesons decays, respectively. In Eq. (8), if the M1M2 system comes from the π
−π+ channel,
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with the vector meson being ρ or ω, then M1 = π
− and M2 = π+. Similarly, when we consider the decays
of the vector mesons K¯∗0i , then M1 = K
− and M2 = π+. As for the scalar meson strong decays in Eq.
(9), the M1M2 channel could also be ππ or Kπ system. Generally, the coupling constants in Eqs. (8)
and (9) can be obtained from experiments which have been listed in Eq. (E4).
In the framework of the two two-body decays, the four-body decay can be factorized into three pieces
as the following:
M(B¯0 → [K−π+]S [π−π+]V → K−π+π−π+) =
〈SV |Heff |B¯0〉〈K−π+|HSK−π+ |S〉〈π−π+|HV π−π+ |V 〉
sSsV
,
(10)
and
M(B¯0 → [K−π+]V [π−π+]S → K−π+π−π+) =
〈V S|Heff |B¯0〉〈K−π+|HV K−π+ |V 〉〈π−π+|HSπ−π+ |S〉
sV sS
,
(11)
where Heff is the effective weak Hamiltonian, HS/V K−π+ and HV/Sπ−π+ are the strong Hamiltonians for
corresponding S/V → K−π+ and V/S → π−π+ decays, respectively, sS/V are the reciprocal of dynamical
functions TS/V for the corresponding resonances. The specific kinds and expressions of TS/V are given in
the fifth column of Table IV and Appendix C, respectively.
There could be a relative strong phase δ between the two interference amplitudes, which values
depend on experimental data and theoretical models. Since little information about δ can be pro-
vided by experiments, we choose to adopt the same method as that in Refs. [7, 29, 30], i.e. set-
ting δ = 0. When considering the contributions from B¯0 → [K−π+]S [π−π+]V → K−π+π−π+ and
B¯0 → [K−π+]V [π−π+]S → K−π+π−π+ channels as listed in Eqs. (10) and (11), the total decay ampli-
tude of the B¯0 → K−π+π+π− decay can be written as
M =M(B¯0 → [K−π+]S [π−π+]V → K−π+π−π+) +M(B¯0 → [K−π+]V [π−π+]S → K−π+π−π+). (12)
C. Kinematics of the four-body decay and localized CP violation
The kinematics of the process B¯0 → K−(p1)π+(p2)π−(p3)π+(p4) is described in terms of the five
variables displayed in Fig. 1 [31, 32] in which
(i) the invariant mass squared of the Kπ system sKπ = (p1 + p2)
2 = m2Kπ;
(ii) the invariant mass squared of the ππ system sππ = (p3 + p4)
2 = m2ππ;
(iii) θπ is the angle of the π
+ in the π−π+ center-of-mass frame Σππ with respect to the pions’ line of
flight in the B¯0 rest frame ΣB¯0 ;
6
ΣKπ
θK
K−
~c
π+
~v
φ
B¯0
~d
π−
π+
θπ
Σππ
FIG. 1: The reference frames and the kinematic variables in the B¯0 → K−π+π−π+ decay.
(iv) θK is the angle of the K
− in the Kπ center-of-mass system ΣKπ with respect to the Kπ line of
flight in ΣB¯0 ;
(v) φ is the angle between the Kπ and ππ planes.
The physical ranges for these variables are
4m2ππ ≤ sππ ≤ (mB¯0 −mKπ)2,
(mK +mπ)
2 ≤ sKπ ≤ (mB¯0 −
√
sππ)
2,
0 ≤ θπ, θK ≤ π, 0 ≤ φ ≤ 2π.
(13)
Instead of the individual momenta p1, p2, p3, p4, it is more convenient to use the following kinematic
variables
P = p1 + p2, Q = p1 − p2,
L = p3 + p4, N = p3 − p4.
(14)
It follows that
P 2 = sKπ, Q
2 = 2(p2K + p
2
π)− sKπ, L2 = sππ,
P · L = 1
2
(m2B¯0 − sKπ − sππ), P ·N = X cos θπ, L ·Q = σ(sKπ)X cos θK ,
(15)
where
σ(sKπ) =
√
1− (m2K +m2π)/sKπ, (16)
and the function X is defined as
X(sKπ, sππ) =
[
(P · L)2 − sKπsππ
]1/2
=
1
2
λ1/2(m2B¯0 , sKπ, sππ),
λ(x, y, z) = (x− y − z)2 − 4yz.
(17)
The differential CP asymmetry parameter can be defined as
ACP = |M|
2 − |M¯|2
|M|2 + |M¯|2 . (18)
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The localized integrated CP asymmetry can be measured by experiments and takes the following form:
AΩCP =
∫
dΩ(|M|2 − |M¯|2)∫
dΩ(|M|2 + |M¯|2) , (19)
where Ω represents the phase space with dΩ = dsππdsKπdcosθπdcosθKdφ.
As for the decay rate, one has [14]
d5Γ =
1
4(4π)6m3
B¯0
σ(sππ)X(sππ, sKπ)
∑
spins
|M|2dΩ, (20)
with
σ(sππ) =
√
1− 4m2π/sππ. (21)
This leads to the branching fraction
B = 1
ΓB¯0
∫
d5Γ, (22)
where ΓB¯0 is the decay width of the B¯
0 meson.
In our work, we consider the localized CP asymmetry and the branching fraction of the B¯0 →
K−(p1)π+(p2)π−(p3)π+(p4) decay when the invariant mass of the K−π+ pair lies in the range 0.35 <
mK−π+ < 2.04GeV which is dominated by the K¯
∗
0 (700)
0, K¯∗(892)0, K¯∗(1410)0, K¯∗0 (1430) and K¯
∗(1680)0
resonances, and that of the π−π+ pair is in the range 0 < mπ−π+ < 1.06GeV which includes the f0(500),
ρ0(770) , ω(782) and f0(980) resonances.
III. NUMERICAL RESULTS
Using the large energy effective theory (LEET) techniques, Refs. [33, 34] formulate the B¯0 → K¯∗0J
(J ≥ 1) form factors in the large recoil region. All the form factors can be expressed in terms of two
independent LEET functions, ξ⊥ and ξ‖. Explicitly, we have
A
B¯0→K¯∗0J
0 (q
2)
( |~pK¯∗0
J
|
mK¯∗0
J
)J−1
≃
(
1−
m2
K¯∗0
J
mB¯0E
)
ξ
K¯∗0J
‖ (q
2) +
mK¯∗0
J
mB¯0
ξ
K¯∗0J
⊥ (q
2), (23)
where we have used |~pK¯∗0
J
|/E ≃ 1, |~pK¯∗0
J
| is the magnitude of the three momentum of K¯∗0J in the rest frame
of the B¯0 meson. With ξ
K¯∗(1410)0
‖ (0) = 0.22±0.03, ξ
K¯∗(1410)0
⊥ (0) = 0.28±0.04, ξ
K¯∗(1680)0
‖ (0) = 0.18±0.03
and ξ
K¯∗(1680)0
⊥ (0) = 0.24 ± 0.05 derived from the Bauer-Stech-Wirbel (BSW) model [35], we can obtain
A
B¯0→K¯∗(1410)0
0 (0) = 0.26± 0.0275 and AB¯
0→K¯∗(1680)0
0 (0) = 0.2154 ± 0.0281, respectively. In our work, all
the form factors are evaluated at q2 = 0 due to the smallness of m2V and m
2
S compared with m
2
B¯0
. We
also set F B¯
0→κ(0) = 0.3 and assign its uncertainty to be ±0.1 for simplicity. As for the decay constants
and Gegenbauer moments of the K¯∗(1410)0 and the K¯∗(1680)0 mesons, we assume they have the same
central values as that of K¯∗(892)0 and assign their uncertainties to be ±0.1 [38].
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TABLE I: Direct CP asymmetries (in units of 10−2) of the two-body decays B¯0 → [K−π+]S/V [π+π−]V/S . The
experimental branching fractions are taken from Ref. [36]. The theoretical errors come from the uncertainties of
the form factors, decay constants, Gegenbauer moments and divergence parameters.
Decay mode BABAR PDG [37] [22] This work
κ¯ρ − − − −12.65± 3.20
κ¯ω − − − 15.19± 6.92
K¯∗(892)0σ − − − 27.84± 11.60
K¯∗(892)0f0(980) 7± 10± 2 7± 10 − 8.52± 1.27
K¯∗(1410)0σ − − − 0.27± 0.11
K¯∗(1410)0f0(980) − − − −1.76± 0.23
K¯∗0 (1430)
0ρ − − 0.54+0.45+0.02+3.76
−0.46−0.02−1.80 5.98± 1.33
K¯∗0 (1430)
0ω −7± 9± 2 − 0.03+0.37+0.01+0.29
−0.35−0.01−3.00 −10.48± 4.19
K¯∗(1680)0σ − − − 2.83± 0.81
K¯∗(1680)0f0(980) − − − −2.98± 0.26
As for the scalar meson, we adopt Scenario 1 in Ref. [21], in which those with masses below or near
1 GeV (σ, f0(980), κ) and near 1.5 GeV (K
∗
0 (1430)) are suggested as the lowest-lying qq¯ states and the
first excited state, respectively. When dealing with the decay constants of f0j mesons, we consider the
f0(500) − f0(980) mixing with the mixing angle |ϕm| = 170 (see Appendix A for details). With the
QCDF approach, we have obtained the amplitudes of the two-body decays B¯0 → SV and B¯0 → V S,
which are listed in Eqs. (5)-(7). Generally, the end-point divergence parameter ρA is constrained in the
range of [0, 1] and φA is treated as a free strong phase. The experimental data of B two-body decays can
provide important information to restrict the ranges of these two parameters. In fact, compared with the
B → PV/V P/PP decays, there are much less experimental data for the B → V S/PS and B → SV/SP
decays, so the values of ρA and φA have not been determined well in these decays. Thus we adopt ρA < 0.5
and 0 ≤ φA ≤ 2π as in Refs. [21, 28]. With more accumulation of experimental data, both of them could
be defined in small regions in the future.
Substituting Eqs. (5)- (7) into Eq. (18), we obtain the CP violating asymmetries of the two-body
decays B¯0 → SV and B¯0 → V S with the parameters given in Table IV and Appendix F, which are listed in
Table I. From Table I, one can see our theoretical results for the CP asymmetries of B¯0 → K¯∗(892)0f0(980)
and B¯0 → K¯∗0 (1430)0ω are consistent with the data from BABAR Collaboration. However, the predicted
central values of the CP asymmetries of the B¯0 → K¯∗0 (1430)0ρ and B¯0 → K¯∗0 (1430)0ω are larger than
those in Ref. [22]. The main difference between our work and Ref. [22] is the structure of the K¯∗0 (1430)
0
meson, which is explored in S1 in our work and S2 in Ref. [22], respectively. Besides, we predict the
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TABLE II: Branching fractions (in units of 10−6) of the two-body decays B¯0 → [K−π+]S/V [π+π−]V/S . We have
used B(f0(980)→ π+π−) = 0.5 to obtain the experimental branching fractions for f0(980)V . The theoretical errors
come from the uncertainties of the form factors, decay constants Gegenbauer moments and divergence parameters.
Decay mode BABAR Belle LHCb[28] PDG [37] QCDF[22] pQCD[39, 40] This work
κ¯ρ − − − − − − 1.27± 0.53
κ¯ω − − − − − − 4.12± 1.78
K¯∗(892)0σ − − − − − − 0.13± 0.02
K¯∗(892)0f0(980) 11.4± 1.4 < 4.4 − 7.8+4.2−3.6 9.1+1.0+1.0+5.3−0.4−0.5−0.7 11.2 ∼ 13.7 10.81± 3.39
K¯∗(1410)0σ − − − − − − 22.58± 7.13
K¯∗(1410)0f0(980) − − − − − − 16.434± 5.71
K¯∗0 (1430)
0ρ 27± 4± 2± 3 − 10.0+2.4+0.5+12.1
−2.0−0.4−3.1 27.0± 6.0 4.1+1.1+0.2+2.6−1.0−0.2−0.1 4.8+1.1+1.0+0.3−0.0−1.0−0.3 8.96± 1.75
K¯∗0 (1430)
0ω 6.4+1.4+0.3+4.0
−1.2−0.2−0.9 − − 16.0± 3.4 9.3+2.7+0.3+3.9−2.2−0.3−1.3 9.3+2.1+3.6+1.2−2.0−2.9−1.0 4.43± 1.69
K¯∗(1680)0σ − − − − − − 29.49± 10.36
K¯∗(1680)0f0(980) − − − − − − 20.34± 9.04
CP asymmetries of some other channel decays. We find the signs of the CP asymmetries are negative
in B¯0 → κ¯ρ, B¯0 → K¯∗(1410)0f0(980) and B¯0 → K¯∗(1680)0f0(980) decays, with the first one being one
order larger than the other two. For the positive values of the CP asymmetries in our work, those for
the B¯0 → κ¯ω and B¯0 → K¯∗(892)0σ decays are also one order larger than the others. Moreover, we also
calculate the branching fractions of the two-body decays B¯0 → SV and B¯0 → V S which are listed in
Table II. As can be seen from Table II, our results are consistent with the available experimental data for
the B¯0 → K¯∗(892)0f0(980), B¯0 → K¯∗0 (1430)0ρ and B¯0 → K¯∗0 (1430)0ω decays. Meanwhile, we find the
magnitudes of the branching fractions are of order 10−5 for B¯0 → K¯∗(892)0f0(980), B¯0 → K¯∗(1410)0σ and
B¯0 → K¯∗(1410)0f0(980), but of 10−6 for B¯0 → κ¯ρ, B¯0 → κ¯ω, B¯0 → K¯∗0 (1430)0ρ and B¯0 → K¯∗0 (1430)0ω.
We note that the predicted branching fraction of B¯0 → K¯∗(892)0σ is the smallest one with the order of
10−7.
As mentioned in the abstract, for different intermediate resonance states, we use different models
to deal with their dynamical functions which are listed in Table IV and Appendix D in detail, where
σ, ρ0(770), f0(980) and K¯
∗
0 (1430) are modeled with the Bugg model [41], Gounaris-Sakurai function
[42], Flatte´ formalism [43] and LASS lineshape [44–46], respectively, while others are described by the
relativistic Breit-Wigner function [47]. Inserting Eqs. (A1)-(A3) into Eqs. (19) and (22), we can directly
obtain the CP asymmetries and branching fractions of all the individual four-body decay channel B¯0 →
[K−π+]S/V [π+π−]V/S → K−π+π+π−, respectively, both of which are summarized in Table III. From
this table, we can conclude that the range of these CP asymmetries and branching fractions are about
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TABLE III: Direct CP asymmetries (in units of 10−2) and branching fractions (in units of 10−6) of the four-body
decays B¯0 → [K−π+]S/V [π+π−]V/S → K−π+π+π−. The theoretical errors come from the uncertainties of the
form factors, decay constants, Gegenbauer moments and divergence parameters.
Decay mode CP asymmetries Branching fractions
κ¯ρ(→ K−π+π+π−) −12.65± 3.20 1.27± 0.53
κ¯ω (→ K−π+π+π−) 15.19± 4.96 4.12± 0.66
K¯∗(892)0σ (→ K−π+π+π−) 27.82± 8.60 0.13± 0.07
K¯∗(892)0f0(980) (→ K−π+π+π−) −5.82± 1.35 10.81± 3.13
K¯∗(1410)0σ (→ K−π+π+π−) 0.27± 0.39 22.58± 6.35
K¯∗(1410)0f0(980)(→ K−π+π+π−) −1.76± 0.62 16.43± 4.09
K¯∗0 (1430)
0ρ (→ K−π+π+π−) −5.89± 1.81 1.96± 0.39
K¯∗0 (1430)
0ω (→ K−π+π+π−) 13.48± 4.20 2.72± 0.94
K¯∗(1680)0σ (→ K−π+π+π−) 5.66± 1.87 29.49± 8.36
K¯∗(1680)0f0(980)(→ K−π+π+π−) −2.98± 0.82 20.34± 4.54
[0.13, 29.4] × 10−2 and [0.2, 38] × 10−6, respectively. Considering the contributions from all four-body
decays listed in Table III, we can obtain the localized integrated CP asymmetries and branching fractions
of the B¯0 → K−π+π+π− decay by integrating the phase space. Our results are in the ranges ACP(B¯0 →
K−π+π+π−) = [−0.383, 0.421] and B(B¯0 → K−π+π+π−) = [7.36, 199.69] × 10−8 when the invariant
masses of K−π+ and π−π+ are in the ranges 0.35 < mK−π+ < 2.04GeV and 0 < mπ−π+ < 1.06GeV,
where the Kπ channel is dominated by the κ, K¯∗(892)0, K¯∗(1410)0, K¯∗0 (1430) and K¯
∗(1680)0 resonances,
and the ππ channel is dominated by the σ, ρ0(770) , ω(782) and f0(980) resonances, respectively, and the
range of ρA and φA are taken as [0, 0.5] and [0, 2π], respectively. Both of them are expected to be tested
in the near future experiments.
IV. SUMMARY
In this work, we first calculate the direct CP violating asymmetries and branching fractions of the
two-body decays B¯0 → [K−π+]S/V [π+π−]V/S within the QCDF approach which are listed in Table I
and Table II, respectively. From these two tables, we can see that our theoretical results are consistent
with the available experimental data including the CP asymmetries of the B¯0 → K¯∗(892)0f0(980) and
B¯0 → K¯∗0 (1430)0ω decays and the branching fractions of the B¯0 → K¯∗(892)0f0(980), B¯0 → K¯∗0 (1430)0ρ
and B¯0 → K¯∗0 (1430)0ω decays. Because of different structures of the K¯∗0 (1430)0 meson, our predicted
central values of the CP asymmetries are larger than those in Ref. [22] for the B¯0 → K¯∗0 (1430)0ρ
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TABLE IV: The masses, widths and decay models of the intermediate resonances [37].
Resonance Mass (MeV) Width (MeV) JP Model
σ 475± 75 550± 150 0+ BUGG
ρ 775.26± 0.25 149.1± 0.8 1− GS
ω 782.65± 0.12 8.49± 0.08 1− RBW
f0(980) 990± 20 65± 45 0+ FLATTE´
κ¯ 824± 30 478± 50 0+ RBW
K¯∗(892)0 895.5± 0.20 47.3± 0.5 1− RBW
K¯∗(1410)0 1421± 9 236± 18 1− RBW
K¯∗0 (1430)
0 1425± 50 270± 80 0+ LASS
K¯∗(1680)0 1718± 18 322± 110 1− RBW
and B¯0 → K¯∗0 (1430)0ω decays. It is found that the signs of the CP asymmetries are negative for the
B¯0 → κ¯ρ, B¯0 → K¯∗(1410)0f0(980) and B¯0 → K¯∗(1680)0f0(980) decays and are positive for others decays.
The magnitudes of branching fractions for our considered two-body decays B¯0 → [K−π+]S/V [π+π−]V/S
are of orders 10−7 ∼ 10−5. Then, under the assumption of the quasi-two-body decay mode, we re-
gard B¯0 → K−π+π−π+ decay as happening through B¯0 → [K−π+]S/V [π+π−]V/S → K−π+π−π+ and
calculate the direct CP asymmetries and branching fractions of all the individual four-body decay chan-
nel B¯0 → [K−π+]S/V [π+π−]V/S → K−π+π+π−. The range of them are about [0.13, 29.4] × 10−2 and
[0.2, 38] × 10−6, respectively. Finally, considering the contributions from all these decay channels decays,
we obtain the localized integrated CP asymmetries and the branching fraction of B¯0 → K−π+π−π+ when
0.35 < mK−π+ < 2.04GeV and 0 < mπ−π+ < 1.06GeV, which are dominated by the K¯
∗
0 (700)
0, K¯∗(892)0,
K¯∗(1410)0, K¯∗0 (1430) and K¯
∗(1680)0, and f0(500), ρ0(770) , ω(782) and f0(980) resonances, respec-
tively. The predicted results are ACP(B¯0 → K−π+π+π−) = [−0.383, 0.421] and B(B¯0 → K−π+π+π−) =
[7.36, 199.69] × 10−8. In our analysis, the errors come from the uncertainties of the form factors, decay
constants, Gegenbauer moments and divergence parameters. These theoretical predictions await the test
in the future examinations with high precision. If our predictions are confirmed, the viewpoint that
scalars have the qq¯ composition may be supported. However, to exclude other possible structures, more
investigations will be needed due to uncertainties from both theory and experiments.
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Appendix A: FOUR-BODY DECAY AMPLITUDES
Considering the related weak and strong decays, one can obtain the four-body decay amplitudes of
the B¯0 → [K−π+]S/V [π+π−]V/S → K−π+π+π− channels as the following:
M(B¯0 → K¯∗00i ρ→ K−π+π+π−) =
iGF gK¯∗0
0i Kπ
gρππ
SK¯∗0
0i
Sρ
[
(P ·N) + (L ·N) + 1
m2ρ
(L · P + L2)(L ·N)
]
×
∑
p=u,c
λ(s)p
{[
δpuα2(K¯
∗0
0i ρ) +
3
2
αp3,EW (K¯
∗0
0i ρ)
]
fρmB¯0pcF
B¯0K¯∗0
0i
1 (m
2
ρ)
+
[
αp4(ρK¯
∗0
0i )−
1
2
αp4,EW (ρK¯
∗0
0i )
]
f¯K¯∗0
0i
mB¯0pcA
B¯0ρ
0 (m
2
K¯∗0
0i
)
+
[
1
2
bp3(ρK¯
∗0
0i )−
1
4
bp3,EW (ρK¯
∗0
0i )
]
fB¯0fρf¯K¯∗0
0i
mB¯0pc
mρ
}
,
(A1)
M(B¯0 → K¯∗00i ω → K−π+π+π−) =
iGF gK¯∗0
0i Kπ
gωππ
SK¯∗0
0i
Sω
[
(P ·N) + (L ·N) + 1
m2ω
(L · P + L2)(L ·N)
]
×
∑
p=u,c
λ(s)p
{[
δpuα2(K¯
∗0
0i ω) + 2α
p
3(K¯
∗0
0i ω) +
1
2
αp3,EW (K¯
∗0
0i ω)
]
× fωmB¯0pcF B¯
0K¯∗0
0i
1 (m
2
ω) +
[
1
2
αp4,EW (ωK¯
∗0
0i )− αp4(ωK¯∗00i )
]
f¯K¯∗0
0i
mB¯0pc
×AB¯0ω0 (m2K¯∗0
0i
) +
[
1
4
bp3,EW (ωK¯
∗0
0i )−
1
2
bp3(ωK¯
∗0
0i )
]
fB¯0fρf¯K¯∗0
0i
mB¯0pc
mω
}
,
(A2)
and
M(B¯0 → K¯∗0i f0j → K−π+π+π−) = −
iGF gK¯∗0i Kπgf0jππ
SK¯∗0i
Sf0j
[
− (P ·Q)− (L ·Q) + 1
mK¯∗0i
2
(P 2 + P · L)(P ·Q)]
]
∑
p=u,c
λ(s)p
{[
δpuα2(K¯
∗0
i f0j) + 2α
p
3(K¯
∗0
i f0j) +
1
2
αp3,EW (K¯
∗0
i f0j)
]
× f¯fn
0j
mB¯0pcA
B¯0K¯∗0i
0 (m
2
f0j
) +
[√
2αp3(K¯
∗0
i f0j) +
√
2αp4(K¯
∗0
i f0j)
− 1√
2
αp3,EW (K¯
∗0
i σ)−
1√
2
αp4,EW (K¯
∗0
i σ)
]
f¯σsmB¯0pcA
B¯0K¯∗0i
0 (m
2
f0j )
+
[
1
2
αp4,EW (f0jK¯
∗0
i )− αp4(f0jK¯∗0i )
]
fK¯∗0i
mB¯0pcF
B¯0f0j
1 (m
2
K¯∗0i
)
+
[
1√
2
bp3(K¯
∗0
i f0j)−
1
2
√
2
bp3,EW (K¯
∗0
i f0j)
]fB¯0fK¯∗0i f¯ sf0jmB¯0pc
mK¯∗0i
+
[
1
2
bp3(f0jK¯
∗0
i )−
1
4
bp3,EW (f0jK¯
∗0
i )
]fB¯0fK¯∗0i f¯nf0jmB¯0pc
mK¯∗0i
}
.
(A3)
Appendix B: Explicit expressions of hard spectator-scattering and weak annihilation amplitudes
For the hard spectator terms, we obtain [28]
Hi(M1M2) = − fB¯0fM1
D(M1M2)
∫ 1
0
dρ
ρ
ΦB¯0(ρ)
∫ 1
0
dξ
ξ¯
ΦM2(ξ)
∫ 1
0
dη
η¯
[±ΦM1(η) + rM1χ
ξ¯
ξ
Φm1(η)], (B1)
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for i = 1− 4, 9, 10, where the upper sign is for M1 = V and the lower sign for M1 = S,
Hi(M1M2) = − fB¯0fM1
D(M1M2)
∫ 1
0
dρ
ρ
ΦB¯0(ρ)
∫ 1
0
dξ
ξ
ΦM2(ξ)
∫ 1
0
dη
η¯
[±ΦM1(η) + rM1χ
ξ
ξ¯
Φm1(η)], (B2)
for i = 5, 7 and Hi = 0 for i = 6, 8, ξ¯ = 1 − ξ and η¯ = 1 − η, ΦM(Φm) is the twist-2 (twist-3) light-cone
distribution amplitude of the meson M , and
D(SV ) = F B¯
0S
1 (0)m
2
B¯0 , D(V S) = A
B¯0V
0 (0)m
2
B¯0 , (B3)
and rMiχ (i=1,2) are “chirally-enhanced” terms defined as
rVχ (µ) =
2mV
mb(µ)
f⊥V (µ)
fV
,
r¯Sχ(µ) =
2mS
mb(µ)
.
(B4)
The twist-2 light-cone distribution amplitudes for the pseudoscalar and vector mesons are [6, 56]
ΦM (x, µ) = 6x(1− x)
[ ∞∑
m=0
αMm (µ)C
3/2
m (2x− 1)
]
, M = P, V (B5)
and the twist-3 ones are
Φm(x) =


1 m = p,
3
[
2x− 1 +
∞∑
m=1
αVm,⊥(µ)Pm+1(2x− 1)
]
m = v,
(B6)
where C
3/2
m and Pm are the Gegenbauer and Legendre polynomials in Eq. (B5) and Eq. (B6), respectively,
αm(µ) are Gegenbauer moments which depend on the scale µ.
The twist-2 light-cone distribution amplitude for a scalar meson reads [21, 28]
ΦS(x, µ)
(n,s) = f¯n,sS 6x(x− 1)
∞∑
m=1,3,5
Bm(µ)C
3/2
m (2x− 1), (B7)
where Bm are Gegenbauer moments, f¯S is the decay constant of the scalar mesons, n denotes the u, d
quark component of the scalar meson, n = 1√
2
(uu¯ + dd¯), and s denotes the component ss¯. As for the
twist-3 ones, we shall take the asymptotic form [21, 28]
Φs(x)
(n,s) = f¯n,sS . (B8)
Moreover, a quantity λB¯0 is introduced to parametrize the integral over the B¯
0 meson distribution
amplitude through [6]
∫ 1
0
dρ
ρ
ΦB¯0(ρ) ≡
mB¯0
λB¯0
. (B9)
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With the asymptotic light-cone distribution amplitudes, the building blocks for the annihilation am-
plitudes are given by [28]
Ai1 = παs
∫ 1
0
dxdy


(
ΦV (x)ΦS(y)
[
1
x(1−x¯y) +
1
xy¯2
]
+ rVχ r
S
χΦv(x)Φ
s
S(y)
2
xy¯
)
, for M1M2 = V S,(
ΦS(x)ΦV (y)
[
1
x(1−x¯y) +
1
xy¯2
]
+ rVχ r
S
χΦ
s
S(x)Φv(y)
2
xy¯
)
, for M1M2 = SV,
Ai2 = παs
∫ 1
0
dxdy


(
ΦV (x)ΦS(y)
[
1
y¯(1−x¯y) +
1
x2y¯
]
+ rVχ r
S
χΦv(x)Φ
s
S(y)
2
xy¯
)
, for M1M2 = V S,(
ΦS(x)ΦV (y)
[
1
y¯(1−x¯y) +
1
x2y¯
]
+ rVχ r
S
χΦ
s
S(x)Φv(y)
2
xy¯
)
, for M1M2 = SV,
Ai3 = παs
∫ 1
0
dxdy


(
rVχ Φv(x)ΦS(y)
2x¯
xy¯(1−x¯y) − rSχΦV (x)ΦsS(y) 2yxy¯(1−x¯y)
)
, for M1M2 = V S,(
− rSχΦsS(x)ΦV (y) 2x¯xy¯(1−x¯y) + rVχΦS(x)Φv(y) 2yxy¯(1−x¯y)
)
, for M1M2 = SV,
Af3 = παs
∫ 1
0
dxdy


(
rVχ Φv(x)ΦS(y)
2(1+y¯)
xy¯2
+ rSχΦV (x)Φ
s
S(y)
2(1+x)
x2y¯
)
, for M1M2 = V S,(
− rVχ ΦsS(x)ΦV (y)2(1+y¯)xy¯2 − rVχΦS(x)Φv(y)
2(1+x)
x2y¯
)
, for M1M2 = SV,
Af1 = A
f
2 = 0.
(B10)
Appendix C: DYNAMICAL FUNCTIONS FOR THE CORRESPONDING RESONANCES
1. BUGG MODEL
For the σ resonance, we adopt the Bugg model [41] for parameterization
TR(mππ) = 1/[M
2 − sππ − g21(sππ)
sππ − sA
M2 − sA z(sππ)− iMΓtot(sππ)], (C1)
where z(sππ) = j1(sππ)− j1(M2) with j1(sππ) = 1π [2 + ρ1 ln(1−ρ11+ρ1 )], Γtot(sππ) =
4∑
i=1
Γi(sππ) with
MΓ1(sππ) = g
2
1(sππ)
sππ − sA
M2 − sA ρ1(sππ),
MΓ2(sππ) = 0.6g
2
1(sππ)(sππ/M
2)exp(−α|sππ − 4m2K |)ρ2(sππ),
MΓ3(sππ) = 0.2g
2
1(sππ)(sππ/M
2)exp(−α|sππ − 4m2η |)ρ3(sππ),
MΓ4(sππ) =Mg4ρ4π(sππ)/ρ4π(M
2),
(C2)
and
g21(sππ) =M(b1 + b2s)exp[−(sππ −M2)/A],
ρ4π(sππ) = 1.0/[1 + exp(7.082 − 2.845sππ)].
(C3)
For the parameters in Eqs. (C1, C2), they are fixed asM = 0.953GeV, sA = 0.14m
2
π, b1 = 1.302GeV
2,
b2 = 0.340,A = 2.426GeV2 and g4π = 0.011GeV which are given in the fourth column of Table I in Ref.
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[41]. The parameters ρ1,2,3 are the phase-space factors of the decay channels ππ, KK and ηη, respectively,
and have been defined as [41]
ρi(sππ) =
√
1− 4m
2
i
sππ
, (C4)
with m1 = mπ, m2 = mK and m3 = mη.
2. THE GOUNARIS-SAKURAI FUNCTION
For the ρ0(770) resonance, an analytic dispersive term is included to ensure unitarity far from the pole
mass, known as the Gounaris-Sakurai model. It takes the form [42]
TR(mππ) =
1 +DΓ0/m0
m20 − sππ + f(mππ)− im0Γ(mππ)
, (C5)
where Γ0 and m0 are the natural width and the Breit-Wigner mass of the ρ
0(770) meson, respectively,
The concrete form of f(mππ) is
f(mππ) = Γ0
m20
q30
[
q2 [h(mππ)− h(m0)] + (m20 −m2ππ)q20
dh
dm2ππ
∣∣∣∣
m0
]
, (C6)
where q0 is the value of q = |~q| when the invariant mass, mππ, is equal to the mass of the ρ0(770)
resonance, with
h(mππ) =
2
π
q
mππ
log
(
mππ + 2q
2mπ
)
, (C7)
dh
dm2ππ
∣∣∣∣
m0
= h(m0)
[
(8q20)
−1 − (2m20)−1
]
+ (2πm20)
−1. (C8)
The constant parameter D is given by
D =
3
π
m2π
q20
log
(
m0 + 2q0
2mπ
)
+
m0
2πq0
− m
2
πm0
πq30
. (C9)
3. FLATTE´ MODEL
As suggested by D. V. Bugg [48], the Flatte´ model [43] for f0(980) is slightly modified and is
parametrized as
TR(mππ) =
1
m2R − sππ − imR(gππρππ + gKKF 2KKρKK)
, (C10)
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where mR is the f0(980) pole mass, the parameters gππ and gKK are the f0(980) coupling constants with
respect to the π+π− and K+K− final states, respectively, and the phase-space ρ factors are given by
Lorentz-invariant phase spaces as
ρππ =
2
3
√
1− 4m
2
π±
sππ
+
1
3
√
1− 4m
2
π0
sππ
,
ρKK =
1
2
√
1− 4m
2
K±
sππ
+
1
2
√
1− 4m
2
K0
sππ
.
(C11)
In Eq. (C10), compared to the normal Flatte´ function, a form factor FKK = exp(−αk2) is introduced
above the KK threshold and serves to reduce the ρKK factor as sππ increases, where k is momentum of
each kaon in the KK rest frame, and α = (2.0±0.25)GeV−2 [48]. This parametrization slightly decreases
the f0(980) width above the KK threshold. The parameter α is fixed to be 2.0GeV
−2, which is not very
sensitive to the fit.
4. LASS MODEL
The S-wave K+π− resonance at low mass is modeled using a modified LASS lineshape [44–46], which
has been widely used in experimental analyses:
T (mKπ) =
mKπ
|~q| cot δB − i|~q| + e
2iδB
m0Γ0
m0
|q0|
m20 − s2Kπ − im0Γ0 |~q|mKpi
m0
|q0|
, (C12)
with
cot δB =
1
a|~q| +
1
2
r|~q|, (C13)
where the first term is an empirical term from the elastic kaon-pion scattering and the second term is the
resonant contribution with a phase factor to retain unitarity. Here m0 and Γ0 are the pole mass and width
of the K∗0 (1430) state, respectively, |~q| is the momentum vector of the resonance decay product measured
in the resonance rest frame, and |~q0| is the value of |~q| when mKπ = mK∗
0
(1430). In Eq. (C13), the
parameters a = (3.1± 1.0)GeV−1 and r = (7.0± 2.3)GeV−1 are the scattering length and effective range
[46], respectively, which are universal in application for the description of different processes involving a
kaon-pion pair.
5. RELATIVISTIC BREIT-WIGNER
We adopt the relativistic Breit-Wigner function to describe the distributions of the K¯∗0 (700)
0,
K¯∗(892)0, K¯∗(1410)0 and K¯∗(1680)0 resonances [47],
TR(mKπ) =
1
M2R − sKπ − iMRΓKπ
(R = κ¯, K¯∗), (C14)
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with
ΓKπ = Γ
R
0
(
pKπ
pR
)2J+1
(
MR
mKπ
)F 2R, (C15)
where mKπ is the invariant mass of the Kπ pair, sKπ = m
2
Kπ, pKπ(pR) is the momentum of either
daughter in the Kπ (or R) rest frame, and MR and Γ
R
0 are the nominal mass and width, respectively, FR
is the Blatt-Weisskopf centrifugal barrier factor [49], which are listed in Table V and depend on a single
parameter Rr representing the meson radius, for which one can adopt Rr = 1.5GeV
−1 [50].
TABLE V: Summary of the Blatt-Weisskopf penetration form factors.
Spin FR
0 1
1
√
1+(RrpR)2√
1+(RrpAB)2
Appendix D: f0(500)− f0(980) MIXING
Analogous to the η − η′ mixing, the scalar f0(500) − f0(980) mixing can also be parameterized by a
2× 2 rotation matrix with a single angle ϕm in the quark-flavor basis, namely,

 f0(980)
f0(500)

 =

 cosϕm sinϕm
− sinϕm cosϕm



 fs
fq

 (D1)
with the quark-flavor states fs ≡ ss¯ and fq ≡ uu¯+dd¯√2 . Various mixing angle ϕm measurements have been
derived and summarized in the literature with a wide range of values [22, 51]. However, it is worth
pointing out that, based on the recent measurement and the accompanied discussion performed by the
LHCb Collaboration [52], the upper limit |ϕm| < 310 has been set for the first time in the B meson decays
with a two-quark structure description of f0(500) and f0(980). In our calculation, we adopt |ϕm| = 170
[22].
Appendix E: THEORETICAL INPUT PARAMETERS
The predictions obtained in the QCDF approach depend on many input parameters. The values of
the Wolfenstein parameters are taken from Ref. [53]: ρ¯ = 0.117 ± 0.021, η¯ = 0.353 ± 0.013.
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The effective Wilson coefficients used in our calculations are taken from Ref. [38]:
C ′1 = −0.3125, C ′2 = −1.1502,
C ′3 = 2.120 × 10−2 + 5.174 × 10−3i, C ′4 = −4.869 × 10−2 − 1.552 × 10−2i,
C ′5 = 1.420 × 10−2 + 5.174 × 10−3i, C ′6 = −5.792 × 10−2 − 1.552 × 10−2i,
C ′7 = −8.340 × 10−5 − 9.938 × 10−5i, C ′8 = 3.839 × 10−4,
C ′9 = −1.017 × 10−2 − 9.938 × 10−5i, C ′10 = 1.959 × 10−3.
(E1)
For the masses used in B¯0 decays, we use the following values except those listed in Table IV (in GeV)
[53]:
mu = md = 0.0035, ms = 0.119, mb = 4.2,
mπ± = 0.14, mK− = 0.494, mB¯0 = 5.28,
(E2)
while for the widths we shall use (in units of GeV) [53]
Γρ→ππ = 0.149, Γω→ππ = 0.00013, Γσ→ππ = 0.3, Γf0(980)→ππ = 0.33,
ΓK¯∗(892)0→Kπ = 0.0487, ΓK¯∗(1410)0→Kπ = 0.015, ΓK¯∗(1680)0→Kπ = 0.10, ΓK∗0 (1430)→Kπ = 0.251.
(E3)
The strong coupling constants are determined from the measured partial widths through the relations
[7, 54]
gSM1M2 =
√
8πm2S
pc(S)
ΓS→M1M2 ,
gV M1M2 =
√
6πm2V
pc(V )3
ΓV→M1M2 ,
(E4)
where pc(S, V ) are the magnitudes of the three momenta of the final state mesons in the rest frame of S
and V mesons, respectively.
The following relevant decay constants (in GeV) are used [21, 55, 56]:
fπ± = 0.131, fB¯0 = 0.21± 0.02, fK− = 0.156 ± 0.007,
f¯ sσ = −0.21 ± 0.093, f¯uσ = 0.4829 ± 0.076, f¯κ¯ = 0.34 ± 0.02,
fρ = 0.216 ± 0.003, f⊥ρ = 0.165 ± 0.009,
fω = 0.187 ± 0.005, f⊥ω = 0.151 ± 0.009,
fK¯∗(892)0 = 0.22 ± 0.005, f ⊥¯K∗(892)0 = 0.185 ± 0.010, f¯K¯∗0 (1430)0 = −0.300 ± 0.030.
f¯ sf0(980) = 0.325 ± 0.016, f¯uf0(980) = 0.1013 ± 0.005.
(E5)
As for the form factors, we use [21, 56, 57]:
F B¯
0→K
0 (0) = 0.35 ± 0.04, F B¯
0→σ
0 (0) = 0.45 ± 0.15, AB¯
0→ρ
0 (0) = 0.303 ± 0.029,
A
B¯0→K¯∗(892)0
0 (0) = 0.374 ± 0.034, F B¯
0→π
0 (0) = 0.25 ± 0.03, F B¯
0→K¯∗
0
(1430)0
0 (0) = 0.21.
(E6)
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The values of Gegenbauer moments at µ = 1GeV are taken from [21, 55, 56],
αρ1 = 0, α
ρ
2 = 0.15 ± 0.07, αρ1,⊥ = 0, αρ2,⊥ = 0.14 ± 0.06,
αω1 = 0, α
ω
2 = 0.15 ± 0.07, αω1,⊥ = 0, αω2,⊥ = 0.14 ± 0.06,
α
K¯∗(892)0
1 = 0.03 ± 0.02, αK¯
∗(892)0
1,⊥ = 0.04 ± 0.03,
α
K¯∗(892)0
2 = 0.11 ± 0.09, αK¯
∗(892)0
2,⊥ = 0.10 ± 0.08,
Bu1,σ = −0.42 ± 0.074, Bu3,σ = −0.58 ± 0.23,
Bs1,σ = −0.35 ± 0.061, Bs3,σ = −0.43 ± 0.18,
Bu1,f0(980) = −0.92 ± 0.08, Bu3,f0(980) = −0.74 ± 0.064,
Bs1,f0(980) = −1± 0.05, Bs3,f0(980) = −0.8± 0.04,
B1,κ¯ = −0.92 ± 0.11, B3,κ¯ = 0.15 ± 0.09,
B1,K¯∗
0
(1430)0 = 0.58 ± 0.07, B3,K¯∗
0
(1430)0 = −1.20± 0.08.
(E7)
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